Abstract
INTRODUCTION
Identifying broad-scale spatial patterns of biodiversity is a long-standing challenge in biogeography and conservation biology (Brooks et al. 2006; Gaston 2000; Wang et al. 2009 ). Hotspots of biodiversity, which have been documented across the world (Kreft and Jetz 2007; Myers et al. 2000) as well as within continents and countries (Gaston and David 1994; Huang et al. 2012; Tang et al. 2006) , are a common way to describe the uneven distribution of species diversity (SD). However, until now, hotspots of biodiversity have been identified based almost entirely on high species richness and endemism (Lamoreux et al. 2006; Myers et al. 2000; Reid 1998) , and genetic diversity (GD), one fundamental level of biodiversity, has been neglected in the assessment of hotspots (Laikre et al. 2010; Miraldo et al. 2016 ). Therefore, GD should be emphasized in identifying biodiversity hotspots and in developing conservation practices and policies for biodiversity (Brooks et al. 2015) . However, GD is more resourceintensive to measure compared to SD (Taberlet et al. 2012) . As global hotspots of SD are well documented, an alternative is to examine whether spatial patterns of SD and GD coincide by examining species-genetic diversity correlations (SGDCs; Fady and Concord 2010; Taberlet et al. 2012) .
In recent years, a growing number of both theoretical and empirical studies have examined SGDCs (Laroche et al. 2015; Whitlock 2014; Vellend 2003 Vellend , 2005 Vellend et al. 2014) . Theoretically, SD and GD could co-vary because of parallel effects of local characteristics on both levels of biodiversity or causal effects of one level of biodiversity on the other (Vellend and Geber 2005) . Empirical studies have found positive (Blum et al. 2012; He and Lamont 2010; He et al. 2008; Lamy et al. 2013; Múrria et al. 2015; Odat et al. 2010; Papadopoulou et al. 2011; Vellend 2004; Wei and Jiang 2012) , negative (Puşcaş et al. 2008) , and non-significant (Avolio and Smith 2013; Fady and Conord 2010; Odat et al. 2004; Puşcaş et al. 2008; Silvertown et al. 2009; Taberlet et al. 2012; Yu et al. 2009 ) SGDCs. A recent meta-analysis demonstrated that empirical studies with discrete sampling units are more likely to find a positive SGDC compared to studies with non-discrete sampling units (Vellend et al. 2014) . The disparity in findings from different ecosystems at different spatial and temporal scales suggests that the underlying mechanisms of SGDCs are complex.
Spatial covariation between SD and GD is considered to be a key driver of positive SGDC (Vellend and Geber 2005) . At the landscape scale, a correlation between spatial patterns of SD and GD along altitude drives a positive SGDC in natural forest tree communities (Wei and Jiang 2012) . At broad scales, however, only a few studies have examined SGDCs and their findings are inconsistent. Due to the parallel effects of isolation and habitat area, patterns of GD and SD in coral reef fishes are concordant across the Pacific Ocean biodiversity gradient (Messmer et al. 2012) . In plant communities, only three studies focused on SGDCs across broad scales all in Europe, and all demonstrated that SD and GD do not covary (Fady and Conord 2010; Puşcaş et al. 2008; Taberlet et al. 2012) . This result can be explained mainly because of the observation that SD is largely determined by the location and size of suitable habitats, whereas GD is shaped by glacial and post-glacial history (Puşcaş et al. 2008; Taberlet et al. 2012) . Collectively, the results of prior SGDC studies highlight the importance of covariation between the two levels of biodiversity along a geographical gradient in shaping a positive SGDC. However, until now, latitudinal patterns of SD and GD were rarely studied simultaneously (Vellend et al. 2014) . If SD and GD show different latitudinal patterns, positive SGDC is not expected. It is well known that SD generally decreases with the increase in latitude (Gaston 2000; Willig et al. 2003) , whereas latitudinal patterns of GD have not yet been well documented (Adams and Hadly 2013; Guo 2012; Jump et al. 2003) . Therefore, whether patterns of SD and GD co-vary along latitudinal gradients requires direct evidence.
Similar to SD, GD, especially adaptive genetic variation, is shown to associate with environmental factors (de Vere et al. 2009; Manel et al. 2012) . Parallel effects of environmental heterogeneity give rise to spatial covariation in SD and GD and thus a positive SGDC (Blum et al. 2012; Lamy et al. 2013) , whereas no correlation between SD and GD was found when the two levels of biodiversity were determined by different environmental factors (Avolio and Smith 2013) . In other words, if SD and GD respond differently to various environmental factors, we should not observe a significant SGDC.
In this study, we examined the pattern and drivers of SGDC in natural forest tree communities across a global biodiversity hotspot. South-central China, one of 34 global biodiversity hotspots (Myers et al. 2000) , has an impressive diversity of woody plants (Wang et al. 2012 ) and endemic flora (Huang et al. 2012; Lopez-Pujol et al. 2011) . Euptelea pleiospermum Hook. f. et Thoms (Eupteleaceae) is a diploid (2n = 28, Pan et al. 1991) , deciduous, broad-leaved tree species. It is a Cenozoic relict species and is classified as a rare species in the China Plant Red Data Book (Fu and Jin 1992) . In China, its distribution range spans across the south-central-China biodiversity hotspot. Specifically, it mainly occurs in the Qinba Mountains (including Qinling Mountains and Daba Mountains), Western Sichuan Plateau, Yunnan-Guizhou Plateau and Hengduan Mountains (Fu and Jin 1992) .
In contrast to Europe and North America, no unified ice sheet developed in China during the Quaternary period (Liu et al. 2012) , so latitudinal patterns of both SD and GD in our study area are mainly determined by contemporary climate (Wang et al. 2012; Wei et al. 2016 ; but also see Rull 2005) . The patterns of woody species richness across China can be explained by the freezing-tolerance hypothesis (Wang et al. 2011) , which predicts that SD may decrease with the increase of latitudes (Willig et al. 2003) . The effect of historical glaciation on geographical patterns of genetic variation in East Asia (especially south-central China) has been debated for a long time (Liu et al. 2012) . In a previous study, we found that the effect of last glacial maximum (LGM) is weak and that the latitudinal pattern of GD in E. pleiospermum across its range in China is in line with the central-marginal hypothesis (Wei et al. 2016) . This hypothesis suggests that core populations are under optimal conditions (e.g. temperate and precipitation), while marginal populations are under suboptimal conditions (Sagarin and Gaines 2002) . Therefore, population size and GD decline from central to marginal populations along latitudinal gradients (Eckert et al. 2008) . Therefore, we hypothesized that no SGDC will be observed within the forests across southcentral China with E. pleiospermum as a focal species, as SD and GD probably do not co-vary along a latitudinal gradient.
Specifically, we measured SD of woody plants in mountain forests, GD (neutral and non-neutral microsatellites) of a dominant tree species (E. pleiospermum), and climatic and edaphic variables to address the following questions. Are the latitudinal patterns of SD, GD, and environmental variables coincident in natural forests across a broad scale? How do climatic and edaphic factors affect the correlation between the two levels of biodiversity?
MATERIALS AND METHODS

Study area and study species
Our study was carried out across the entire distribution of E. pleiospermum in China. In this area, from south to north, the main vegetation type changes from broad-leaved evergreen forests to evergreen and deciduous broad-leaved mixed forests to broad-leaved deciduous forest (Editorial Committee for Vegetation of China 1980). This area harbors about 12 000 plant species, among which 3500 are endemic plants (Myers et al. 2000) whose distributions roughly correspond to mountain ranges (Lopez-Pujo et al. 2011) . In this region, complex topography is considered to be the main driver of high plant diversity, because both the uninterrupted uplift of the Tibetan Plateau since the late Neogene and the tectonic stability of central and southern China during the Tertiary make southcentral China a remarkable center for plant survival, speciation and evolution (Lopez-Pujo et al. 2011; Ying 2001) .
Euptelea pleiospermum is a common tree species in streamside forests of remote montane areas. Mature trees grow up to 12 m in height and 20 cm in diameter at breast height (DBH). Most individuals produce many sprouts. This monoecious tree species produces wind-pollinated flowers (Endress 1986) and abundant light samaras (winged fruit), which are dispersed by wind and/or water. This species reportedly occurs across a wide elevational range (ca. 720-3600 m a.s.l.; Fu and Jin 1992) . During our fieldwork, however, we found a population of E. pleiospermum at an even lower elevation (641 m) in the Taihang Mountains (Yangcheng, Shanxi Province; Wei et al. 2015) .
Leaf sampling and microsatellite procedure
Leaf sampling was carried out from May to August 2013. We sampled 21 natural populations, covering the entire range of E. pleiospermum in China (Table 1) . A total of 678 individuals were collected, with sampling size per population ranging from 30 to 36 individuals (Table 1) . Within each population, we randomly sampled three to five young leaves of E. pleiospermum individuals that were at least 30 m apart. The sampled leaves were immediately dried in a 10 × 5 cm plastic bag containing silica gel. DNA extraction and microsatellite procedures were performed as described by Wei et al. (2016) . In brief, we used seven fluorescence-labeled microsatellite loci (EP036, EP059, EP081, EP087, EP091, EP278 and EP294; Zhang et al. 2008 ) to genotype our 678 DNA samples.
Community survey
At the same sites of leaf sampling, community surveys were conducted between August and October of 2014. At each site, three plots (20 × 30 m) were established in forest tree communities dominated by E. pleiospermum. Within each plot, we recorded the species name and DBH of all living trees ≥1.0 cm DBH. Nomenclature follows Flora of China (Wu and Raven 1994) .
Within each plot, soil samples collected from 0 to 30 cm depth at seven fixed locations within each plot were put into a polyvinyl bag and allowed to air dry. A total of 63 soil samples were collected; three subsamples per site.
Climatic and edaphic data
Monthly rainfall and temperature data were obtained from the WorldClim website (www.worldclim.org), which is based on weather conditions recorded from 1950 to 2000, and subsequently interpolated to a grid-cell resolution of 30 arc seconds (Hijmans et al. 2005) . Monthly solar radiation data for the period between 1971 and 2000 were compiled from the Chinese Ecosystem Research Network data set (www.cern. ac.cn) with a resolution of 1 × 1 km in ArcGIS 9.1. A total of seven climatic variables (annual mean precipitation, annual mean temperature, minimum temperature, maximum temperature, annual relative moisture, solar radiation and photosynthetically active radiation) were obtained.
The collected soil samples were dried naturally in the dark and then slightly crushed and homogenized through 2-mm plastic sieves. Subsamples were ground and sieved through a 100-mesh sieve and kept in plastic containers before chemical analysis. A total of 16 edaphic variables were measured. Total carbon (C) and total nitrogen (N) were measured by Stable Isotope Mass Spectrometer (Isotope-MS; delta v advantage, ThermoFisher SCIENTIFIC, Germany).Total phosphorus (P) was measured following the Mo-Sb colorimetric method, and available phosphorus (AP) following the NaHCO 3 solution-Mo-Sb colorimetric method. Soil pH was measured following the potentiometric determination method. The other 11 elements (K, Ca, Mg, Al, Fe, Mn, Ni, Zn, B, Mo and Cu) in solution were detected by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES; Optima 8000, PerkinElmer, USA). Data from the three subsamples were averaged for further analyses.
Data analysis
We measured SD as species richness (S) and Simpson's diversity index (D). The number of species per plot was taken as a measure of species richness. Simpson's diversity index was estimated as (1 − ∑f i 2 ), where f i (∑f i = 1) refers to the relative frequency of species i. Both measures of SD were calculated using the R package 'vegan' (Oksanen et al. 2015) . At each site, we used average values for both S and D of the three plots. Community dissimilarity or β diversity (e.g. Bray-Curtis distance; Odat et al. 2010) , which is analogous to genetic differentiation (Vellend 2004) , was also estimated using 'vegan'.
We used FSTAT 2.9.3.2 to test for deviation from HardyWeinberg equilibrium and linkage disequilibrium (LD). The significance for the LD was Bonferroni-corrected for multiple comparisons (Rice 1989 ). We measured GD as allelic richness (A R ) and expected heterozygosity (H E ), because they are analogous to S and D for SD, respectively (Evanno et al. 2009; Etienne 2005) . To test neutrality for each locus, we applied the F ST outlier approach implemented by LOSITAN (Antao et al. 2008; Beaumont and Nichols 1996) with 50 000 simulations and 0.99 confidence interval under a stepwise mutation model. As the results of LOSITAN analysis indicated that two (EP278 and EP294) of the seven loci were likely under selection, we performed the following analyses both for the two non-neutral loci and the other five neutral loci, respectively. We calculated A R (A R2 for the two non-neutral loci, and A R5 for the five neutral loci) and H E (H E2 for the two non-neutral loci, and H E5 for the five neutral loci) using FSTAT 2.9.3.2 (Goudet 1995) and GenAlEx 6.5 (Peakall and Smouse 2012) , respectively. We examined genetic differentiation using F ST (F ST2 for the two non-neutral loci, and F ST5 for the five neutral loci; Weir and Cockerham 1984) , which were computed by FSTAT 2.9.3.2 (Goudet 1995) .
Statistical analyses were performed using SPSS 16.0 for Windows (SPSS Inc., Chicago, IL, USA). A Shapiro-Wilk test was used to examine the homogeneity of variance. When required, values were Box-Cox (H E5 , P, Mn and Ni), log 10 (K, Ca, Mg and Fe) or square-root (Cu) transformed to satisfy the assumptions of normality and homogeneity of variance. However, we tried many transformations (including a Box-Cox transformation by using Minitab 15), but values of microelement B did not satisfy the assumptions of normality and homogeneity of variance.
To reveal latitudinal patterns of SD and GD, we conducted both linear and quadratic regression analyses of diversity parameters (S, D, A R2 , A R5 , H E2 and H E5 ) against latitude. Relationships between SD (S and D) and GD (A R2 , A R5 , H E2 and H E5 ) were tested using Pearson correlation. We used Mantel tests to investigate the correlation among genetic differentiation (F ST2 and F ST5 ), community dissimilarity and geographical distance. We used latitude and longitude coordinates to estimate geographical distance. Spearman's ρ (only for microelement B) and Pearson's correlation coefficients were also calculated between diversity parameters (S, D, A R2 and H E2 ) and environmental variables. We used stepwise multiple regression analysis to identify the significant environmental predictors of SD and GD (A R2 and H E2 ). Seven climatic variables and 16 edaphic factors were considered as candidate predictors. (Table 1) Fig. 2 ). However, we observed a significantly positive relationship between community dissimilarity and genetic differentiation (F ST2 : r = 0.257, P < 0.001; F ST5 : r = 0.246, P < 0.001), both of which were significantly related with geographical distance (community dissimilarity: r = 0.297, P < 0.001; F ST2 : r = 0. 579, P < 0.001; F ST5 : r = 0.679, P < 0.001). Based on correlation analyses, SD and GD were each significantly correlated with different environmental variables ( Table 2) . Species richness (S) was significantly positively correlated with MAP, MATmin, ARM and P, whereas it was negatively related to B. Simpson's diversity index (D) was significantly positively correlated with MAP, ARM and P, and it was also negatively related to B. Allelic richness (A R2 ) was significantly negatively correlated with C and N. Expected heterozygosity (H E2 ) was significantly negatively correlated with N.
Based on stepwise multiple regression analysis, the dominant predictors of SD and GD were also different (Table 3) . Species richness (S) was mainly influenced by ARM (positive) and B (negative), which together explained 65.0% of the variance in S. Simpson's diversity index (D) was significantly related to MAP (positive) and Zn (negative), and the two variables accounted for 53.0% of the variance in D. Allelic richness (A R2 ) was largely determined by N (negative) and Cu (positive), which together explained 62.1% of the variance in A R2 . Expected heterozygosity (H E2 ) was significantly correlated to N (negative), and this factor accounted for 33.9% of the variance in H E2 .
DISCUSSION
Our data show that genetic differentiation is positively correlated with community dissimilarity, whereas SD and GD are uncorrelated (Fig. 2) in mountain forests of south-central China. The correlation between genetic distance and community dissimilarity is likely due to the parallel effect of geographic isolation, because both genetic distance and community dissimilarity are correlated with geographical distance (Odat et al. 2004; Yu et al. 2009) . A lack of SGDC at broad scale is consistent with findings of the only three studies concerning SGDCs in plants at large scales (Fady and Conord 2010; Puşcaş et al. 2008; Taberlet et al. 2012) . We showed that different effects of both geographical (e.g. latitude) and environmental (e.g. climatic and edaphic factors) factors on SD and GD likely explain the non-significant correlation between the two fundamental levels of biodiversity.
First, latitudinal patterns of SD and GD are different. Although a growing number of studies in recent years have been trying to examine the underlying mechanism of SGDC (Vellend and Geber 2005; Vellend et al. 2014; Whitlock 2014) , the association between latitudinal patterns of SD and GD as a driver of a positive SGDC was rarely tested. Both ecological (e.g. climate, soil) and evolutionary (e.g. post-glacial recolonization, bottleneck) drivers change along latitudinal gradients (Wang et al. 2009; Willig et al. 2003) .
Although spatial incongruence between SD and GD is a recognized explanation for the lack of a positive SGDC in our study and several recent studies in Europe (Fady and Conord 2010; Puşcaş et al. 2008; Taberlet et al. 2012) , the specific causes for the lack of a spatial covariation between the two levels of biodiversity are quite different. For all three studies in Europe, the geographical pattern of SD was primarily determined by suitable habitat, habitat diversity and species pools, whereas the pattern of GD was mainly shaped by locations of glacial refugia and routes of postglacial recolonization (Fady and Conord 2010; Puşcaş et al. 2008; Taberlet et al. 2012 ). In our case, the trend of SD along latitude is consistent with the latitudinal diversity gradient (Willig et al. 2003) , which means SD decreases from low to high latitudes. This is in line with the relationship between woody species richness and latitude for 11 mountains of eastern China (Fang 2004 ). As expected, one possible explanation for the decrease of SD along latitude is the freezing-tolerance hypothesis (Wang et al. 2011) , because species richness is positively correlated with mean annual minimum temperature (Table 2) . Furthermore, SD increases with MAP (also see Wang et al. 2009 ), ARM and P, all of which decrease with the increase of latitude. GD decreases with B, which increase with latitudes.
Although the five neutral loci did not reveal a significant relationship between latitude and GD of E. pleiospermum, the two non-neutral loci showed a unimodal pattern of GD along latitude, which is consistent with the prediction of centralmarginal hypothesis (Eckert et al. 2008) . In contrast to the three European studies, the slight post-glacial northward expansion had little effect on the latitudinal pattern of GD in E. pleiospermum, because in situ refugia for this species were maintained across the study area during the LGM (Wei et al. 2016) . Because neutral GD is driven by effective population size or/and mutation rate, whereas non-neutral GD is driven by selective forces such as environmental factors, the disparity in latitudinal patterns of GD revealed by the neutral and non-neutral loci suggests that ecological conditions (e.g. edaphic factors), rather than neutral processes, are the drivers of the unimodal patterns of GD along latitude in our study. Second, SD and GD respond differently to various climatic and edaphic factors. Avolio and Smith (2013) proposed that the response of SD and GD to different environmental factors probably lead to a lack of significant SGDC and they provided support for this prediction at a local scale. In our case, SD is only related to climatic variables, whereas GD is mainly related to edaphic variables, and SD is not related to GD. In other words, at a broad scale, our study provides direct evidence for this prediction across a global biodiversity hotspot. Contrary to our results, Vellend (2004) found that parallel effects of land-use history, which overwhelmed the effects of edaphic factors, on SD and GD lead to a significant positive SGDC. He et al. (2008) reported that the height of sand dunes, an indicator of soil moisture, was the main driver of a positive SGDC in a plant functional group. Although further investigations are needed to illuminate why SD and GD were influenced by different environmental factors, our results, in combination with these other empirical studies, demonstrate that the role of environmental factors in shaping the SGDC is case specific. In general, a significant SGDC (positive or negative) is more likely to be observed in systems where SD and GD are determined by one main determinant (He et al. 2008; Vellend 2004 ) as compared with systems where SD and GD are differently influenced by various factors (Avolio and Smith 2013) .
CONCLUSIONS AND IMPLICATIONS
In this study, we investigated the pattern and potential drivers of SGDC in natural mountain forests across a biodiversity hotspot. Both the lack of spatial covariation between SD and GD along latitudinal gradients and the different relationships of the two levels of biodiversity to various environmental factors explain why we did not observe a significantly positive SGDC. In addition, a significantly positive relationship was observed between community dissimilarity and genetic differentiation, both of which were significantly related with geographical distance. At a broad scale, a lack of positive SGDC or no spatial covariation between SD and GD suggests that the recognized biodiversity hotspots based on high species richness, rarity and endemism are probably not key areas for intraspecific GD. However, considering the importance of GD for plant survival and persistence, GD should be considered when designing conservation strategies and prioritizing management efforts. Therefore, it is necessary to identify so-called GD hotspots where many plant species harbor high GD. A R2 and H E2 were calculated for the two non-neutral loci (EP278 and EP294). ARM, annual relative moisture; MAP, mean annual precipitation; t and p values are shown in parenthesis. The symbol '-' indicates the variable was not included in the final model. 
